Introduction {#Sec1}
============

Life on earth, throughout evolution and from cyanobacteria to humans, has been confronted with the necessity of synchronizing genetic, physiological and behavioural processes with the daily oscillations in environmental conditions due to the earth's rotation around its axis^[@CR1]^. Adaptation to day-night cycles requires an endogenous timing system -- a circadian clock -- that allows not only the synchronization with but especially the anticipation of daily recurrent environmental changes (*Zeitgebers)*. In the marine ecosystem, photoperiod^[@CR2]^, light transitions^[@CR3]^, lunar phases^[@CR4]^, and tides^[@CR5]^ represent relevant *Zeitgebers* for the entrainment of the endogenous clock of marine organisms. While the circadian rhythms of terrestrial organisms have been the object of intense studies and are currently well understood, little is known about the circadian rhythmicity in marine organisms, apart from some laboratory studies in ecological niche species^[@CR5]--[@CR9]^. This is particularly true for high latitude pelagic organisms, presumably due to the inaccessibility to these regions and to the problems with rearing these organisms under controlled laboratory conditions for purposes of long-term experiments.

Due to its central position in the food web^[@CR10]^, the ongoing environmental changes in its habitat^[@CR11]^, and increasing commercial interest^[@CR12]^, the Antarctic krill *Euphausia superba* (hereafter referred as krill) has become a model organism for the study of high latitude endogenous clock machinery and its effect on daily and seasonal life-cycle functions^[@CR13]--[@CR16]^.

Krill shows multiple daily and seasonal rhythms in physiology and behaviour, which are synchronized with the cyclic changes of the Southern Ocean ecosystem. Among them are the diel vertical migrations (DVM), which maximize feeding and minimize predation^[@CR2]^; the daily orchestration of metabolic activity, which optimizes energy usage; and seasonal lipid storage for overwintering^[@CR17]--[@CR19]^. However, the molecular mechanisms underlying the control and regulation of these rhythms are not fully understood.

*Cryptochrome2* (*cry2*) was the first molecular component of the circadian clock to be identified in krill^[@CR20]^. Daily changes in *cry2* expression levels under natural conditions, namely during the Antarctic Summer, represented the first hint to the existence of an endogenous time-keeper in krill^[@CR20]^. Afterwards, a rhythmic expression of *cry2* both in a light-dark cycle and in constant darkness conditions was reported^[@CR13]^, suggesting the presence of an endogenous circadian timing system. Furthermore, the same authors observed a bimodal oscillatory pattern in oxygen consumption and in the catalytic activity of four metabolic enzymes, which appeared to mirror cyclic locomotor activity patterns^[@CR2]^ (i.e. diel vertical migration). These observations suggest a link between the endogenous clock and metabolism. De Pittà *et al*.^[@CR14]^ then provided the first description of the diurnal transcriptome of krill in natural conditions during the Antarctic summer, which is characterized by limited variation in light intensity and spectral composition through the 24 hours. About 600 genes showed a daily sinusoidal expression pattern, and the majority of these (60%) exhibited bimodal oscillatory profiles. The temporal orchestration of specific biological processes (translation, proteolysis, energy and metabolic process, visual transduction and stress response), under prolonged almost continuous light conditions, also suggest that in krill an endogenous oscillator controls and synchronizes the progression of biochemical and physiological events through the 24-hour cycle.

More recently, KrillDB, the most comprehensive krill transcriptome database available^[@CR21]^, has allowed identification of the main genetic components of the krill circadian clock (*clock*, *cycle*, *period*, *timeless*, and *cryptochrome1*). The functional characterization of these genes revealed that krill possesses an "ancient" circadian clock exhibiting both mammalian and insect features^[@CR22]^.

To investigate in further detail the involvement of the krill circadian clock in orchestrating gene expression, we analysed the circadian transcriptome of *E*. *superba* under laboratory free-running conditions (i.e. in the complete absence of environmental cues, in continuous darkness, DD) as well as under a 16:8 LD regime. The most complete microarray platform available (named Krill 2.0), consisting of a total of 57,358 probes, was used. Gene expression profiles were obtained from individuals sampled at regular intervals (every 3 hours) over a complete 24-hour LD cycle (16:8 LD cycle) as well as on the third day after switching to a DD regime. A total of 1.564 putative clock-controlled genes, showing rhythmic daily expression in both LD and DD, were identified.

This study provides the first picture of the circadian transcriptome of the Antarctic krill under laboratory free-running conditions. A better understanding of the functioning of its "ancient" circadian clock could help to shed light on the evolution of the animal circadian machinery.

Results and Discussion {#Sec2}
======================

Gene expression data analysis {#Sec3}
-----------------------------

Gene expression profiling was performed on specimens collected at regular intervals throughout a 24-hour cycle in light-dark (LD) conditions and in constant darkness (DD)^[@CR13]^ (Supplementary Fig. [3](#MOESM1){ref-type="media"}) using the "Krill 2.0" custom platform (Agilent Technologies) based on the krill "master" transcriptome^[@CR23]^. Total RNA was extracted from the head, including brain, eyestalk, and compound eyes, which play a crucial role in the modulation of neuroendocrine and behavioural circadian rhythms. Only krill heads were selected in order to reduce background noise deriving from peripheral clocks, and to compare gene expression data with similar data previously obtained from krill heads, as described in De Pittà *et al*.^[@CR14]^ and Piccolin *et al*.^[@CR24]^. RAIN (Rhythmicity Analysis Incorporating Nonparametric methods) software, which allows the detection of rhythms of any period and waveform^[@CR25]^, was utilised to identify genes with rhythmic expression through the 24 hours in both LD and DD.

RAIN identified 8,953 and 6,561 genes (Benjamini-Hochberg adjusted *p*-value \< 0.05) showing rhythmic expression patterns in LD and DD respectively (Supplementary Table [1](#MOESM2){ref-type="media"} and Supplementary Table [2](#MOESM3){ref-type="media"}). 1,564 of these genes showed oscillatory expression signatures both in LD and DD (Supplementary Fig. [2](#MOESM1){ref-type="media"}) and could therefore be qualified as clock or clock-controlled genes (Supplementary Table [3](#MOESM4){ref-type="media"}).

Interestingly, 32% (51 out of 159 annotated) of the genes which had previously shown sinusoidal expression patterns under natural conditions^[@CR14]^ during the Antarctic Summer, showed rhythmic expression profiles also in this study, in both LD and DD. Therefore, they should be considered *bona fide* clock-controlled or clock-related genes (Supplementary Table [4](#MOESM5){ref-type="media"}). The expression levels of 10 clock-controlled genes (*6-4 photolyase*, *arrestin*, *neither inactivation nor afterpotential protein C*, *casein kinase 1 epsilon*, *slimb*, *adenylyl cyclase*, *cytochrome C oxidase subunit I*, *glycogen debranching enzyme*, *glutamine synthetase*) were successfully validated by qRT-PCR, showing expression profiles which were comparable to those obtained by microarray experiments (Pearson correlation \>0.60; Supplementary Fig. [3](#MOESM1){ref-type="media"}).

In LD, about 52% (4,624 out of 8,953) of oscillating genes showed a single peak with a periodicity (τ) of about 24 hours (Fig. [1A](#Fig1){ref-type="fig"}) and the majority (63.4%) of them showed this peak late in the day, from *Zeitgeber* time (ZT) 12 to ZT18 (Fig. [1C](#Fig1){ref-type="fig"}). This broad peak of expression, encompassing the transition from late afternoon to the evening/early night, seems related to the upward migration of krill that allows to maximize food intake in the surface layers during the night, while also minimizing predator risk. Diel vertical migrations are extremely pronounced in spring and autumn under long day photoperiods, the latter being quite similar to our LD 16:8 laboratory conditions^[@CR2]^. 30.3% of all oscillating genes in LD (regardless of period length) showed a peak of expression at ZT12 (Fig. [1B](#Fig1){ref-type="fig"}), in the second part of the light phase, which may be related to physiological modifications anticipating light-off transitions. The anticipation of daily environmental changes represents one of the main pieces of evidence of the presence of an endogenous time-keeping system, which tunes physiology and behaviour, leading to an improvement in the organism's fitness.Figure 1Oscillation periods and expression peaks distribution of genes with sinusoidal expression patterns in LD, DD, and in both conditions. Classification of the genes showing sinusoidal oscillatory patterns on the basis of their oscillation period (τ: 12, 15, 18, 21 and 24 h) in LD (**A**), DD (**D**), and in both LD and DD (**G**). Different colours refer to different period lengths (see legend in the figure). Percentage of genes characterized by each period length are reported on each pie chart. Distribution of expression peaks of genes showing oscillatory profiles in LD (**B**), DD (**E**), and in both LD and DD (**H**). Distribution of expression peaks of genes showing oscillatory profiles characterized by a 24-hour period in LD (**C**), DD (**F**), and in both LD and DD (**I**). Proportion of genes showing a peak of expression at each time point is reported. Yellow and blue bars refer to light and dark intervals, respectively.

By contrast, in DD conditions, peaks of expression were widely distributed throughout the 24-hour cycle (Fig. [1E](#Fig1){ref-type="fig"}). Moreover, a large proportion of genes (77%) showed a period of expression shorter than 24 hours, and 42.4% of them displayed a clear bimodal pattern with periods ranging between 12 and 15 hours (Fig. [1D](#Fig1){ref-type="fig"}). A reduced level of phase synchronization between transcripts oscillating in DD was observed (Fig. [1E,H](#Fig1){ref-type="fig"}). However, focusing our attention only on those genes characterized by a periodicity of 24 hours in DD (Fig. [1F](#Fig1){ref-type="fig"}), we observed a clear enrichment (80.1%) in genes with a peak of expression in the second part of the subjective day and throughout the subjective night from circadian time (CT)12 to CT21. Similar expression profiles were observed for genes oscillating with a period of 24 hours only in LD and for those oscillating with a period of 24 hours in both LD and DD (21%) (Fig. [1C,I](#Fig1){ref-type="fig"}).

Gene expression periodicity {#Sec4}
---------------------------

The harmonics theory in mammals^[@CR26]^ and the interaction of different endogenous clocks in marine organisms^[@CR6]^ shed light on natural occurrence of rhythms characterized by periodicities shorter than 24 hours (Fig. [1A,D,G](#Fig1){ref-type="fig"}). According to the harmonics theory, 12-hour rhythms in gene expression profile could be generated by the non-competitive binding of two circadian transcription factors oscillating in antiphase^[@CR27]^. An alternative theory suggests that a 12-hour rhythm could be generated by the interaction between a circadian clock (24 hours period) and a circatidal clock (12 hours period)^[@CR28]^.

Rhythmic locomotor activity with a 12-hour period is common in marine organisms from the intertidal zone and it has been also described in crustaceans apparently living beyond the influence of tidal movements^[@CR29]^, including the Antarctic krill^[@CR2]^. Our knowledge the krill endogenous clock suggests that 12-hour periods might be explained by both theories. However, given the lack of evidence to support the existence of a circatidal clock in krill, the harmonics hypothesis seems more likely. Concerning the other periods which we have estimated from our transcriptional data, sinusoidal expression patterns with periods ranging from 18 to 28 hours are usually considered under the control of the circadian clock. As for transcriptional oscillations with an estimated periodicity of 15 hours, we suggest that these are likely to be an approximation of a 12-hour periodicity, especially if we consider our measurement resolution, i.e. 3-hour intervals between two consecutive samples. Circadian clocks generate an endogenous molecular oscillation characterized by a specific period (free-running period, FRP). Every day, Zeitgebers (in particular light-dark cycles) entrain the phase of this oscillation to maintain the synchronization with the environment^[@CR30]--[@CR32]^. In order to cope with extreme photoperiods (from up to 24 hours light in summer to less than 3 hours light in winter), the strategy adopted by organisms living at high latitudes could be based on a circadian clock with a short FRP (\<24 hours), which can be synchronized by photic entrainment stimuli to a wide range of periodicities^[@CR33],[@CR34]^. Interestingly, short oscillatory periods, such as those we observed in LD and especially in DD (Fig. [1A,D,G](#Fig1){ref-type="fig"}), have been previously described in other krill studies performed in DD^[@CR13]^ and in natural conditions, under almost continuous light, during the Antarctic summer (hereafter named LL natural condition)^[@CR14]^. In accordance with the hypothesis proposed by Teschke *et al*.^[@CR13]^, the occurrence of short periodicities, in particular under free-running conditions (DD and LL), could represent a feature of the krill oscillating transcriptome, and it supports the hypothesis that the krill endogenous clock might be characterized by a periodicity shorter than 24 hours. This hypothesis is not only in accordance with the inverse relationship that has been widely observed between latitude and FRP^[@CR34]^ but it is also consistent with Aschoff's second rule, which states that the free-running period of nocturnal organisms is typically shorter than 24 hours^[@CR35]^.

Functional enrichment analysis {#Sec5}
------------------------------

31% (2,743 out of 8,953) and 27% (1,776 out of 6,561) of genes that showed a daily pattern of expression in LD and DD, respectively, were successfully annotated according to the krill "master" transcriptome^[@CR23]^. The remaining 69% and 73% showed no or limited similarity with publicly available sequences. The functional characterization of annotated genes is shown in Fig. [2A--C](#Fig2){ref-type="fig"}. As previously observed in the fruit fly^[@CR36],[@CR37]^, mouse^[@CR38]^, zebrafish^[@CR39]^, and krill (in nature, during the Antarctic Summer)^[@CR14]^, the biological processes that are mainly influenced by environmental changes, such as "Metabolic Process", "Protein Metabolism", "Response to Stress", and "Transport", were significantly enriched in LD (Fig. [2A](#Fig2){ref-type="fig"} and Supplementary Table [5](#MOESM6){ref-type="media"}). By contrast, in DD (Fig. [2B](#Fig2){ref-type="fig"}), none of the main GO terms were significantly enriched. Nevertheless, and despite an overall decrease in the number of genes with oscillatory expression patterns in DD, we observed a significant enrichment of two GO "child" terms: "Gene Expression Regulation" (belonging to "Nucleic acid Metabolism") and "Proteolysis" (belonging to "Protein Metabolism") (Supplementary Table [6](#MOESM7){ref-type="media"}). It is known that transcription factors, epigenetic factors, and proteolysis pathways are circadian effectors involved in the regulation of key clock-controlled pathways such as metabolism, clock entrainment, hormone signaling, and phototransduction^[@CR40]--[@CR43]^. The rhythmic patterns of expression, exhibited by genes belonging to the above described GO terms in DD (mimicking Antarctic Winter conditions), could suggest a role for the molecular clock in the reprogramming of gene expression observed during the transition from the active to the quiescent state (decrease in growth rates, feeding, and swimming activity) in krill exposed to few days of DD^[@CR44]^.Figure 2GO analysis of genes with sinusoidal expression patterns in LD, DD, and in both conditions. Classification of annotated genes with sinusoidal expression patterns throughout the 24-hour cycle in (**A)** LD (1,485 with GO annotation out of 2,743 annotated genes), (**B)** DD (802 out of 1,776 annotated genes), and **C)** in both LD and DD (376 out of 428 annotated genes) into 9 main GO terms. The diagrams show the proportion of each GO term. Percentage of genes belonging to each GO term are reported on each pie chart. Percentages of the significantly enriched GO terms are marked in bold typeface. See Supplementary Tables [4](#MOESM5){ref-type="media"}, [5](#MOESM6){ref-type="media"}, and [6](#MOESM7){ref-type="media"} for further details.

25.5% (399 out of 1,564) of the putative clock-controlled genes, with oscillating expression in both LD and DD, were successfully annotated (Supplementary Table [4](#MOESM5){ref-type="media"}). The key regulative role of krill endogenous timekeeping over all main biological processes of the cell was proved by the significant enrichment of almost all the main GO terms in the "Biological Process" category (Fig. [2C](#Fig2){ref-type="fig"}).

Clock genes {#Sec6}
-----------

When we designed the microarray platform (Krill 2.0) adopted in this study, limited information was available on the molecular components of the krill circadian clock. Only the sequence of *cryptochrome 2* (c*ry2*)^[@CR20]^ and a few fragments of *clock* (*clk*), *period* (*per*), *casein kinase ε* (*ckε* also known as *doubletime*), and *slimb* were available. Nevertheless, good quality probes were successfully designed for *ckε* and *slimb*, which were found among the 1,564 putative clock-controlled genes that showed oscillating expression profiles in both LD and DD (Fig. [3](#Fig3){ref-type="fig"}). By contrast, microarray probes for *clk*, *per*, and c*ry2* were not successfully designed. Considering the importance of these clock genes in interpreting the data obtained from the krill's circadian transcriptome, we decided to quantify the expression levels of such genes by using qRT-PCR, in the same samples which were analysed with microarrays. *cry2* showed a bimodal oscillation in expression (Fig. [3](#Fig3){ref-type="fig"}), as previously observed in heads of animals sampled in LL natural conditions^[@CR22]^ and in DD^[@CR13]^. Similarly, *clk* and *per* showed sinusoidal expression profiles in both LD and DD, with a clear antiphase relationship in LD. By contrast, a period length reduction (from 24 to 12 hours) was observed for both genes in DD (Fig. [3](#Fig3){ref-type="fig"}). The functioning of endogenous clocks is based on a feedback loop mechanism in which the positive elements induce the expression of their own inhibitors, generating a self-sustained oscillation in their abundance. In light of this, the presence of a working molecular clock was confirmed by the rhythmic expression of a positive element (*clk*) and the two main inhibitors (*per* and *cry2*), in both LD and DD. Furthermore, the antiphase expression of *clk* and *per* is a prevalent feature of the circadian clock of several organisms and it has been observed in krill exposed to early autumn and late winter photoperiods in controlled laboratory conditions (LD 16:8 and LD 8:16, respectively)^[@CR24]^. Nevertheless, our expression data showed an apparently complete loss of *clk*-*per* antiphase in DD, similarly to what has been observed in heads of krill sampled in LL natural conditions^[@CR22]^ and from krill exposed to long-term extreme photoperiod simulations (LL and LD 3:21 respectively)^[@CR24]^. Interestingly, the loss of *clk*-*per* antiphase we observed did not cause a significant impairment in the circadian oscillator, as suggested by the maintenance of sinusoidal expression profiles of clock and clock-controlled genes in our DD experiment, in LL natural condition^[@CR22]^, and in the simulated seasonal photoperiods^[@CR24]^. Unexpectedly, non-canonical expression of clock genes has already been associated with persisting circadian behaviours in other crustaceans. In *E*. *pulchra*, only *timeless-1* showed a significant rhythmic oscillation in DD^[@CR5]^, and in crayfish, PER and CLK protein amounts are characterized by the same phase in LD^[@CR45]^. The persistence of circadian rhythms in the presence of an apparently impaired transcriptional/translational feedback loops mechanism could be explained by a relevant role of post-translational modifications in regulating those timing mechanisms that are essential for clock functioning and seem to be conserved in krill (i.e.: the multiple predicted CK*ε* phosphorylation sites in *Es*PER and *Es*TIM1 likely involved in their activity regulation)^[@CR22]^.Figure 3Gene expression profiles of three core components of the krill circadian clock. Temporal expression profiles of *cryptochrome 2*, *clock* and *period* by using qRT-PCR performed on heads of krill sampled every 3 hours, starting from light-on (ZT0) or subjective light-on (CT0) in LD 16:8 and after 3 days of constant darkness. Relative quantification (RQ) is represented as mean ± SD (n = 3 pools of 7 individuals). Kruskal-Wallis p-value is reported (8 degrees of freedom), as well as the adjusted p-value, putative period (τ) and phase of the oscillation estimated using the RAIN algorithm. Yellow and blue bars refer to light and dark intervals, respectively.

The short period length of the expression profiles of *clock*, *period*, and *cry2* in DD might therefore reflect a molecular clock period shorter than 24 hours. Interestingly, *ckε* and *slimb*, which also showed short periodicity in both LD and DD (*ckε* τ~LD~ = 12 h, τ~DD~ = 12 h; *slimb* τ~LD~ = 12 h, τ~DD~ = 12 h; Supplementary Fig. [3](#MOESM1){ref-type="media"}), encode two regulatory factors of the circadian clock which are involved in PER degradation^[@CR46],[@CR47]^, and thus in period length definition^[@CR48]^.

Castellana *et al*. observed that genes oscillating with a periodicity of about 12 hours are more likely to be evolutionary ancient and essential for cellular functions, suggesting that their short periodicity may reflect the periodicity of ancient clocks^[@CR49]^. Short periodicities in the expression profile of several clock and clock-controlled genes in DD might suggest that not only the architecture but also the features of ancient endogenous clocks have been conserved in krill throughout speciation.

Metabolic processes {#Sec7}
-------------------

In LD, 508 genes were grouped under the "Metabolic Process" GO term (Supplementary Table [5](#MOESM6){ref-type="media"}). 55.1% of these genes had peaks of expression at night (from ZT18 to ZT21) corresponding to a high levels of activity and oxygen consumption^[@CR13]^ when krill swim to surface layers to feed. In particular, five out of ten genes encoding proteins involved in glycolysis were up-regulated through the night, from ZT15 to ZT3 \[*fructose-bisphosphate aldolase*, *glyceraldehyde 3-phosphate dehydrogenase* (GAPDH), *enolase* (ENO), and *pyruvate kinase* (PK), and the rate-limiting enzyme *phosphofructokinase* (PFK); Fig. [4A](#Fig4){ref-type="fig"}). The only exception was represented by the first enzyme of the glycolysis pathway (*hexokinase*) that showed a peak at ZT3. Since *hexokinase* is also involved in gluconeogenesis and chitin synthesis, we analysed the expression profiles of six oscillating genes \[*phosphoenolpyruvate carboxykinase* (PCK), *glutamine:fructose-6-phosphate aminotransferase*, *UDP-N-acetylglucosamine pyrophosphorylase*, *chitin synthase* (CHS), and *glutamine synthetase*; Fig. [4A](#Fig4){ref-type="fig"}\] related to these metabolic pathways, and all of them showed a peak of expression at ZT3. Several genes involved in oxidative metabolism (four components of *ATP synthase*, 8 subunits of Complex I, one subunit of Complex III and 5 subunits of Complex IV) and one gene encoding an enzyme of the citric acid cycle \[s*uccinate-CoA ligase* (SCS); Fig. [4A](#Fig4){ref-type="fig"}\] showed a peak of expression at ZT15 (near lights-off). Furthermore, we detected an over-expression of genes involved in fatty acid synthesis \[*acetyl-CoA carboxylase* (ACAC), *fatty acid synthase*, *acyl-CoA synthetase* (ACS); Fig. [4A](#Fig4){ref-type="fig"}\] from middle afternoon through the night (from ZT12 to ZT0), By contrast, e genes involved in mitochondrial fatty acid β-oxidation \[*acyl-CoA dehydrogenase* (ACAD) and *enoyl-CoA isomerase* (ECI); Fig. [4A](#Fig4){ref-type="fig"}\] had a peak of expression in the first part of the day (from ZT3 to ZT12). Finally, genes encoding proteins involved in glycogen synthesis \[*glycogen synthase* (GYS) and *branching enzyme* (GBE); Fig. [4A](#Fig4){ref-type="fig"}\] and glycogenolysis \[*alpha glucosidase*, *glycogen phosphorylase* (PYG), *glycogen debranching enzyme* (GDE); Fig. [4A](#Fig4){ref-type="fig"}\] showed peaks of expression at ZT21 and ZT15-21, respectively. The overlap between aerobic respiration (glycolysis, citric acid cycle, and oxidative metabolism) and energy-storage pathways (fatty acid and glycogen biosynthetic pathways), as well as the antiphase relationships between aerobic respiration and the main carbohydrate anabolic processes (gluconeogenesis and chitin synthesis), and between fatty acids synthesis and breakdown (Fig. [4B](#Fig4){ref-type="fig"}), are reminiscent of the profiles and relationships which have been observed in LL natural conditions^[@CR14]^. However, the main difference between the gene expression signatures defined in LD (present study) and those obtained in nature during the Antarctic Summer^[@CR14]^ consists of a \~12 hours phase shift of all metabolic processes. For example, aerobic respiration took place at the beginning of the night in LD and at the beginning of the day in LL (11). A robust light-dark regime (such as LD 16:8, i.e. a typical spring/autumn photoperiod) represents a strong *Zeitgeber* that is able to synchronize gene expression, aerobic respiration, feeding activity, and DVM with the beginning of the dark phase. By contrast, during the Antarctic Summer^[@CR14]^, the dawn light transition -- characterized by an increase in light irradiance and a specific spectral composition of light -- could represent the most effective *Zeitgeber*, and thus the one responsible for the observed \~12 hour phase shift modifying the temporal orchestration of physiology and behaviour. This hypothesis is in line with the weak DVM and the loss of the daily feeding schedules shown by krill during summer and winter^[@CR50],[@CR51]^.Figure 4Genes with rhythmic expression patterns in LD involved in energetic and metabolic processes. (**A**) Expression profiles of most relevant genes involved in "Energetic and metabolic process" in LD. Clock-controlled genes showing a sinusoidal expression pattern in both LD and DD, are marked in red. *acyl-CoA dehydrogenase* (ACAD, ID:N19130), *acetyl-CoA carboxylase* (ACAC, ID: N29097), *acyl-CoA synthetase* (ACS, ID:M101952), *ATP synthase* (ATP, ID:M87362), *chitin synthase* (CHS, ID:N19106), *enoyl-CoA isomerase* (ECI, ID:M1878), *enolase* (ENO, ID:N20765), *glyceraldehyde-3-phosphate dehydrogenase* (GAPDH, ID:M80754), *glycogen branching enzyme* (GBE, ID:M8882), *glycogen debranching enzyme* (GDE, ID:M17951), *glycogen synthase* (GYS, ID:M2029), *pyruvate kinase* (PK, ID:N18962), *phosphoenolpyruvate carboxykinase* (PCK, ID:N18402), *phosphofructokinase* (PFK, ID:N21844), *glycogen phosphorylase* (PYG, ID:M105964), and *succinate-CoA ligase* (SCS, ID:M18729). (**B)** Schematic representation of the daily distribution of metabolic processes resulting from the transcriptional signature of several genes through the 24-hour cycle. Different metabolic processes are marked by arrows shaded with a colour gradient showing the time of day corresponding to the higher expression levels of gene groups. The length of the arrows and darker colours indicate intervals and peaks of expression, respectively. ZTs are indicated at the bottom of each panel; yellow and blue bars refer to light and dark intervals.

In DD, the number of genes with an oscillatory expression profile, grouped under the "Metabolic Process" GO term, were 282 (Supplementary Table [6](#MOESM7){ref-type="media"}), compared to the 508 observed in LD. Only 92 of them showed an oscillatory expression pattern in both LD and DD (Supplementary Table [4](#MOESM5){ref-type="media"}). Among these, two subunits of Complex I, one subunit of Complex IV, and one component of *ATP synthase* (oxidative metabolism), *acetyl-CoA carboxylase* (fatty acid synthesis), *enoyl-CoA isomerase* (fatty acid β-oxidation), *glycogen synthase* (glycogenesis), *glycogen debranching enzyme* (glycogenolysis), and *glutamine synthetase* (chitin synthesis) should be considered clock-controlled genes. In DD, we observed a lower synchronization in the oscillation of genes involved in the same metabolic processes (compared to LD). This lack of synchronization could be due to the fact that the free running expression periodicity of such genes is generally variable and shorter than 24 hours, making the precise temporal localization of the metabolic process more difficult. Only fatty acid synthesis (*acetyl-CoA carboxylase* and *2 enoyl-CoA reductase* CT12) and glycogenesis (*phosphoglucomutase* and *glycogen synthase* CT3--12) seem to have a precise temporal localization in DD. Moreover, *acetyl-CoA carboxylase* and *glycogen synthase*, that are rate-limiting enzymes of these two metabolic processes, are clock-controlled. These results suggest a more effective temporal regulation of fatty acid and glycogen biosynthetic processes. This is in agreement with the pivotal ecological role that energy-storage pathways play in krill physiology, including the fine-tuned daily distribution of energy resources to sustain the DVM strategy^[@CR14]^, and the sufficient accumulation of lipids to guarantee survival through the winter^[@CR19]^.

Finally, none of the genes involved in glycolysis and in the citric acid cycle showed an oscillatory expression profile in DD, suggesting that the temporal localization of these processes in LD (from ZT15 to ZT3) may be defined by the photoperiod or other environmental cues, but not by the circadian clock.

This analysis showed a daily orchestration of metabolic pathways in krill heads, which is where the master clock is located. However others organs, including the stomach and digestive gland, may possess peripheral clocks that could differentially regulate local levels of gene expression of metabolic pathways and other tissue-specific functions.

Phototransduction {#Sec8}
-----------------

The complexity of the recently described krill photoreception system^[@CR16]^ suggests that photic environmental cues, such as changes in irradiance and light spectral composition, could play a relevant role as Z*eitgebers*. Several genes involved in phototransduction showed a daily oscillatory pattern in LD, such as *opsin Rh2* (peak of expression at ZT18), *opsin Rh3* (peak at ZT0), and *opsin Rh4* (peak at ZT15). Furthermore, *arrestin* (peak at ZT0), *ninaC* (*neither inactivation nor afterpotential protein C*, peak at ZT0, Supplementary Fig. [3](#MOESM1){ref-type="media"}), *opsin Rh5* (peak at ZT18), and the flavoprotein *6--4 photolyase* (peak at ZT18) showed an oscillatory expression profile in both LD and DD; suggesting that their expression is likely to be under the control of the endogenous clock. Daily oscillations of genes involved in photic signal transduction could represent a strategy aimed at optimizing entrainment at high latitudes, which are characterized by extreme changes in photoperiod, irradiance, and spectral composition of sunlight throughout the seasons.

Neuroendocrine rhythms {#Sec9}
----------------------

Neuropeptides secreted by the crustacean eyestalk control several rhythmic biological process, such as locomotor activity, metabolism, stress response, eye sensitivity, and pigment dispersion^[@CR52]^. Here we observed that the pigment-dispersing hormone (PDH) and crustacean hyperglycaemic hormone (CHH) showed rhythmic expression profiles over the 24 hours. PDH induces pigment dispersion in the retina and abdominal photophores, to protect photoreceptors from solar radiation during the light phase. Even though an involvement of the circadian clock in the rhythmic release of PDH has been observed in other crustaceans^[@CR53]^ but excluded in krill^[@CR54]^, we found that the putative PDH3 ortholog showed oscillatory expression profiles in both LD and DD, with a periodicity of about 24 hours. In *Crustacea*, CHH is responsible for an increase in glucose levels in the haemolymph during phases of high locomotor activity, in particular during the upward and downward vertical migrations^[@CR52]^. Circadian oscillations in CHH expression and release have been observed in *Procambarus clarkii*^[@CR55]^. In krill, CHH showed an oscillatory expression profile in both LD and DD, with a periodicity of 24 hours. This suggests an involvement of the circadian clock in the neuroendocrine regulation of carbohydrate metabolism.

Conclusion {#Sec10}
==========

Our results provide insight into the circadian transcriptome of the Antarctic krill, and shed light on the molecular mechanisms underlying the control and regulation of metabolic, physiological, and behavioural rhythms. The existence of a functional circadian clock in the Antarctic krill *E*. *superba* is supported by: i) our observation of a daily oscillatory expression of hundreds of genes in both LD and DD, and ii) the detection of anticipatory features of the light/dark transition at the transcriptional level. Furthermore, the krill clock seems crucial for the synchronization of seasonal cycles, defining the transcriptome composition during the transition to the quiescent state and for the regulation of energy storage pathways, which are key to the overwintering processes.

Methods {#Sec11}
=======

Ethics statement {#Sec12}
----------------

All animal work was conducted according to relevant national and international guidelines. Krill catches, welfare and experimentation were based on permission from the Department of Environment and Heritage of the Australian Government and were conducted in accordance with the Antarctic Marine Living Resources Conservation Act 1981 (permit number: 06_09_2220) and the Environment Protection and Biodiversity Conservation Act 1999 (permit number: WT2007-1480).

Animals {#Sec13}
-------

Krill were caught by oblique hauls of several Rectangular Midwater Trawls, using a pelagic net (RMT 8), in the upper 200 m of the water column. Catches were made in East Antarctica (between 65°19′S, 125°37′E, 17 Sep 2007 and 64°08′S, 119°16′E, 09 Oct 2007) during the voyage V1 07/08 with RSV Aurora Australis. Krill were immediately transferred into 200 L tanks at 0 °C and dim light. Each day 50% of the water was exchanged with fresh pre-chilled seawater to ensure food and nutrients turnover. Twice a day, dead animals and moults were removed from the tanks^[@CR56]^. After arrival in Hobart, Tasmania, krill were delivered directly to the Australian Antarctic Division (AAD) aquarium and kept in a 1.670 L holding tank. A detailed description of the holding tank system and of krill maintenance at AAD has been provided elsewhere^[@CR57],[@CR58]^.

Maintaining krill in the laboratory {#Sec14}
-----------------------------------

340 krill of mixed sex (mean length \~38 mm) from the holding tank was moved into two cylindrical 100 L tanks (170 krill each in experimental tank I and II). The design of the experimental re-circulating facility guaranteed identical water quality and temperature (0.5 °C) for every experimental stock throughout the study^[@CR56]^.

Each experimental tank was covered with a black lightproof plastic container with a sliding door at the front side to create a separate light compartment. Lighting was provided by fluorescent tubes (Osram L18W/640 Cool White) covered with a filter film around the outside (ARRI, Marine Blue 131). The two experimental tanks were exposed to a light:dark regime of 16 hours light and 8 hours darkness with lights-on at 6:00 h and lights-off at 22:00 h external time, and with a maximum of 100 lux light intensity at the surface of the tanks during midday.

Prior to sampling, all specimens were exposed to LD16:8 for 4 weeks, to ensure successful acclimatization. Both experimental stocks were fed daily with the same algae used in the holding tank at final densities of 3.8 × 10^4^ cells mL^−1^ for *Phaeodactylum tricornutum*, 9.2 × 10^4^ cells mL^−1^ for *Isochrysis sp*. and 6.6 × 10^4^ cells mL^−1^ for *Pavlova sp*. Animals were fed at random times during the day to avoid a feeding pattern becoming a potential entrainment cue.

Experimental design {#Sec15}
-------------------

A first 24-hour time series was sampled in experimental tank I under LD 16:8 conditions. Krill were sampled at regular intervals (every three hours) over a full 24-hour cycle. Animals were taken at 6:00, 9:00, 12:00, 15:00, 18:00, 21:00, 24:00, 3:00 and 6:00 h day time corresponding to ZT0, 3, 6, 9, 12, 15, 18, 21, and 24. After the light regime was changed from LD to DD in experimental tank II, a second 24 hours collection series was performed on the third day of DD. Krill were sampled every 3 hours at CT0, 3, 6, 9, 12, 15, 18, 21, and 24. No feeding was conducted during sampling campaigns.

For purpose of molecular analyses, 9 animals were sampled at each time point, immediately frozen in liquid nitrogen and stored at −80 °C. Sampling in darkness was carried out under dim red light. Krill heads were cut off on a cooling element behind the eyestalks and were immediately transferred to a mortar and preground in liquid nitrogen to a homogenous powder. The powder was then stored in 1 mL TRIzol^®^ reagent (Invitrogen) and total RNA extracted according to the supplier's instructions. Total RNA was quantified using the NanoDrop ND-1000 spectrophotometer (Peqlab Biotechnology) and RNA integrity was checked using the Agilent Bioanalyzer 2100 (RNA 6000 Nano LabChip, Agilent Technologies).

Design of *E. superba* microarray platform {#Sec16}
------------------------------------------

The krill "master" transcriptome, previously generated by our group, provided about 57,400 contigs longer than 300 bp^[@CR23]^. One probe for each consensus sequence was designed to construct the high-density oligo DNA microarray. As described in De Pittà *et al*.^[@CR14]^, probe design was carried out by using the Agilent eArray Custom Microarray Design Service, which applies proprietary prediction algorithms to design 60 mer oligo-probes. Microarrays were synthesized *in situ* using the Agilent ink-jet technology with 8 × 60 K format. Microarray custom platform, named "Krill 2.0" (eArray Design ID: 049690), showed 57,358 single probes and 1,319 default positive and negative controls. Probe sequences and other details on the microarray platform can be found in the Gene Expression Omnibus (GEO) database (<http://www.ncbi.nlm.nih.gov/geo/>) under accession number: GSE94757.

Microarray labeling and hybridization {#Sec17}
-------------------------------------

Gene expression profiling was carried out in krill sampled at different times throughout the 24 hours (day times: 6:00, 9:00, 12:00, 15:00, 18:00, 21:00, 24:00, 3:00 and 6:00) in LD and DD conditions with the Krill 2.0 custom platform (Agilent). In every entrainment condition, for each time point, a total of three biological replicates were considered, for a grand total of 54 microarrays. As described in De Pittà *et al*.^[@CR14]^, equal amounts of total RNA extracted from three different specimens were mixed to prepare each biological replicate. 800 ng of total RNA were labelled with "Agilent One-Color Microarray-Based Gene Expression protocol". Slides were scanned on an Agilent microarray scanner (model G2565CA) and Agilent Feature Extraction software version 10.5.1.1 was used for image analysis. Gene expression data are available in GEO database with the accession number: GSE94757.

Statistical analysis of gene expression data {#Sec18}
--------------------------------------------

As described in De Pittà *et al*.^[@CR14]^, inter-array normalization of expression levels was performed with quantile^[@CR59]^ to correct for possible experimental distortions. Furthermore, *Feature Extraction Software* (Agilent) provided spot quality measures to evaluate the quality and the reliability of the hybridization. In particular, flag "glsFound" (set to 1 if the spot has an intensity significantly different from the local background, 0 otherwise) was used to filter out unreliable probes: flags equal to 0 were noted as "not available (NA)". Probes with more than 26% of NA values were then removed from the dataset. After filtering, a total of 38,028 krill genes were obtained in LD, and 38,231 in DD conditions. Cluster analysis and profile similarity searches were performed by the Multi Experiment Viewer version 4.8.1 (tMev, mev.tm4.org/) of the TM4 Microarray Software Suite^[@CR60]^.

The RAIN software package for R/Bioconductor ([www.bioconductor.org](http://www.bioconductor.org)) was used to identify genes showing rhythmicity during the 24 hours^[@CR25]^. the following set of periods was tested: 12, 15, 18, 21 e 24. A gene was considered rhythmic when the regression was statistically significant: Benjamini-Hochberg adjusted *p*-value \< 0.05 (Supplementary Table [7](#MOESM1){ref-type="media"}). RAIN was also used for period estimation because it has been previously demonstrated that fitting-based algorithms are more accurate than point estimation methods in most circumstances, including difficult scenarios such as short data sets, noisy data, low sampling rates, and non-sinusoidal signals^[@CR61]^. Furthermore, RAIN implements all the features that a good fitting-based algorithm should have^[@CR62]^, such as sinusoidal and non-sinusoidal fits, non-parametric test, multiple testing correction, and short running-time. On the basis of our sampling plan, the following periods were tested: 12, 15, 18, 21 e 24. The following parameters were set: a) 12 hours as minimum period value because an oscillation cannot be properly described by 4 points or less; b) 3-hour increments to avoid estimated periods having a lower resolution than sampling intervals; c) 24 hours as maximum period value not to exceed the 24-hour time window described in our gene expression data (9 time points).

Annotation and functional enrichment analysis {#Sec19}
---------------------------------------------

As described in Meyer *et al*.^[@CR23]^, each consensus, converted in FASTA format, was searched locally in the NCBI nucleotide and UniProtUK databases, using Blast-X and Blast-N, respectively. The annotation of rhythmic genes was further examined manually. Gene Ontology (GO) analysis of these genes was performed by BLAST2GO tool^[@CR63]^ ([www.blast2go.com](http://www.blast2go.com)).

Validation of relative gene expression by quantitative RT-PCR {#Sec20}
-------------------------------------------------------------

Validation was performed on the same RNA pools used in the microarray experiments. As described in De Pittà *et al*.^[@CR14]^, 1 μg of RNA was converted into cDNA using random hexamers and SuperScript II reverse transcriptase (Life Technologies). 1 μl aliquot of 1:100 diluted first-strand cDNA was PCR amplified in 10 μl volume using the SYBR Green chemistry (GoTaq qPCR Master Mix, Promega). Gene-specific primers (Supplementary Table [8](#MOESM1){ref-type="media"}) were designed using the web-tool Primer3^[@CR64]^ (primer3.ut.ee). Total RNA samples were treated with DNase I (Qiagen). Dissociation curves confirmed the specificity of the amplicons. Primer efficiencies were assessed by standard curves. *Ubiquitin carboxyl-terminal hydrolase 46* and *RNA polymerase I-specific transcription initiation factor RRN3 isoform 1* have been used as endogenous controls. PCR reactions were performed in triplicate in a 7500 Real-Time PCR System (Applied Biosystems). The 2^−ΔΔCt^ method was used to calculate the relative expression ratio^[@CR65]^. 95% confidence intervals are associated to each time point. Pearson correlation was calculated to estimate the association between microarray and qRT-PCR results (Supplementary Fig. [3](#MOESM1){ref-type="media"}).
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